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Supercritical CO,, as an environmentally friendly and pollution-free fluid, has been applied in various EOR
techniques such as CO, flooding. However, the low viscosity of the gas leads to issues such as early
breakthrough, viscous fingering, and gravity override in practical applications. Although effective
mobility-control methods, such as CO, WAG (water alternating gas)-, CO, foam-, and gel-based
methods, have been developed to mitigate these phenomena, they do not fundamentally solve the
problem of the high gas—oil mobility ratio, which leads to reduced gas sweep efficiency. Adding CO,
direct thickeners to displacing fluid can increase its viscosity, achieve deeper mobility control, and thus
improve the CO, flooding oil-recovery effect. Unlike other methods, direct thickeners can alter the

physical and chemical properties of CO,, making it a fundamentally effective means of achieving
Received 11th October 2024 bilit trol. Thi h b lied i . . . t d f ti it
Accepted 14th November 2024 mobility control. This approach can be applied in various reservoir environments and formations, or i
can assist other methods for more in-depth mobility control. This article reviews the development and

DOI: 10.1039/d4ra07300b application of CO, direct thickeners and introduces the thickening mechanisms and effects of different
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1. Introduction

With the development of the global economy, the world's oil
consumption has increased significantly, but the production of
crude oil is decreasing. The optimization and development of
oil extraction technology are therefore urgent priorities.* Typi-
cally, primary and secondary oil recovery can only recover about
40% of a reservoir's reserves; thus, the development of tertiary
oil-recovery technology is crucial for maintaining crude oil
production and reducing oil imports. CO, flooding is one of the
most promising technologies in enhanced oil recovery (EOR),
characterized by its non-toxic and environmentally friendly
nature, abundant availability, chemical stability, and ease of
miscibility with crude oil. Additionally, CO, can be stored in
subsurface pores, achieving integrated oil displacement and
storage during the oil displacement process.>* Since the 1960s,
the United States has successively carried out a series of studies
on CO, flooding, and there have been more than 130
commercial CO, flooding projects to date.® According to
statistics, the annual production of CO, flooding in the U.S.
reached 137.1 million tons in 2014, accounting for about 93% of
the world's total CO, flooding production.® Recently, China
proposed the “dual-carbon” goal, where carbon dioxide capture,
utilization, and storage (CCUS) is a primary method for end
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types of thickeners as well as their existing problems and future development directions.

offsetting. CO, flooding holds significant application value as
a vital component of CCUS.”™

Gases have better diffusive capabilities in porous media and
tend to enter larger pores first, offering significant permeability
at lower gas saturations. However, the high mobility ratio
between CO, and crude oil results in an unstable displacement
front, causing early breakthrough, and this problem is exacer-
bated by increased heterogeneity within the reservoir.'* More-
over, problems such as gravity override and hindered oil-gas
mixing and reactivity can significantly reduce sweep efficiency
and oil displacement efficiency.'"** Therefore, reducing the two-
phase mobility ratio and strengthening the mobility control of
CO, are critical issues that need to be addressed to improve the
oil-recovery rate of CO, flooding technology.

CO, thickening is an effective way to reduce the mobility
ratio between the oil and gas phases. Due to the low critical
temperature (31.1 °C) and critical pressure (7.38 MPa) of CO,,
most reservoir temperatures and pressures exceed the critical
conditions for CO,, and it often exists in a supercritical state
within the reservoir.® Supercritical carbon dioxide (scCO,)
possesses superior heat transfer and diffusive properties, and
its density is akin to liquid-state substances, which contribute
to its enhanced solvent performance. Dissolving polymers in
scCO, and utilizing the non-bonding forces between solute
molecules to form a large molecular network can significantly
increase the viscosity of CO,."

CO, direct thickeners are not only applicable for EOR
processes but also can be widely used in scCO, fracturing fluids
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to enhance the sand-carrying capacity of the fracturing fluid, as
well as in other related fields, such as CO, adsorption. There-
fore, the development of a high-performance CO, direct thick-
ener is vital for the entire EOR field. This paper presents
a review of CO, direct thickeners from a molecular perspective,
as well as their dissolution thickening mechanisms and appli-
cation conditions. An outlook on the development prospects of
CO, direct thickeners is also provided as well as insights
offering technical support for their future practical application
in oil fields.

2. CO; thickening

2.1 CO, mobility control and CO, thickening

It is essential to control the mobility of the gas in the reservoir to
alleviate problems such as gas loss and poor sweep efficiency
caused by gas channeling. CO, mobility control can be achieved
through three main approaches: First, by reducing the gas
saturation and permeability to stabilize the displacement front
and alter the flow pattern in the formation. Second, by altering
the formation permeability to enhance the control over the flow
path of CO, within the reservoir. Third, by increasing the gas
viscosity to reduce the mobility ratio between the oil and gas
phases.’”*>'® Based on these principles, CO,-mobility-control
methods mainly include water-alternating-gas (WAG), CO,
thickening, CO, foam, and gel methods, with each method
offering certain advantages and disadvantages, as shown in
Table 1.7

2.1.1 CO,-WAG. The WAG process combines the advan-
tages of both water injection and gas injection. The injection of
water and gas can reduce the relative permeability of the gas,
the interfacial tension between the displacement fluid and oil,
and the capillary forces, thereby improving the mobility ratio

Table 1 Comparison of various CO,-mobility-control methods
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and adjusting the position of the gas-oil-water contact interface
to increase the sweep coefficient.”>** This method can enhance
the recovery of the original oil or gas in place (OOIP) by an
average of 5% to 10%.>*

The factors affecting the efficiency of CO,-WAG flooding
include reservoir heterogeneity, wettability, the fluid physico-
chemical properties, and the injection parameters.'” The water
shielding issue caused by the injection of two phases can
significantly reduce the recovery rate during the WAG process,
especially in formations with high water saturation levels.***
Additionally, due to the changes in relative permeability, both
water and gas will experience injection losses. This issue can be
alleviated by reducing the water slugs and increasing the gas
slugs, but at the same time, controlling the gas mobility
becomes more difficult.”® The injection parameters of CO,-WAG
have a significant impact on the final recovery efficiency. Valeev
and Shevelev®* evaluated the effect of the water—gas injection
ratio on the final recovery efficiency using a field in the Kogalym
region as an example. The addition of water could reduce the
mobility of CO,, and at a certain water-gas ratio, the water-oil-
gas three-phase system could attain a mixed phase in the
porous medium, forming a viscous single phase, which resulted
in the optimal displacement efficiency. The miscible process
involved the dissolution of CO, into a mixture of crude oil and
water and entailed very complex physicochemical reactions.
However, most reservoirs cannot achieve perfect miscible
conditions, and the purpose of mobility control can only be
achieved through the buffering effect of water between oil and
gas with high mobility ratios. To enhance the efficiency of the
injection, polymers, surfactants, and nanomaterials are often
incorporated to further assist the WAG process. A new tech-
nology that has emerged is the chemical enhanced water-
alternating-gas (CEWAG) system, where chemical agents are

Mobility-control method Mechanism

Advantages

Shortcomings

CO,-WAG Alternately injecting water and gas
reduces gas permeability and uses
the injected water to stabilize the

displacement front

Forms a stable foam front at the
forefront of displacement fluid,
utilizing the high-viscosity
characteristic of the foam to reduce
the mobility of the gas, with some
gas bubbles serving a plugging
function

Forming a polymer gel in the
formation to plug large pores and
alter the formation permeability

CO, foam

Gel

CO, thickening Polymers are dissolved in
supercritical CO, and increase the
viscosity of the gas, thereby

reducing the mobility ratio

© 2025 The Author(s). Published by the Royal Society of Chemistry

High microscopic oil displacement
efficiency from gas injection and
high swept volume from water
injection, while requiring a small
amount of gas injection

Foam has various forms of mobility-
control effects

Repairs and improves the flow
channels of displacement fluid and
seals off leaks

Water-free systems are easier to
inject into the reservoir

Water shielding and injection
losses, not suitable for oil reservoirs
with high heterogeneity, injection
and production parameters
significantly affect EOR efficiency
Injection is difficult, foam stability
is poor, and surfactants will adsorb
onto the rock surface

Plugging stability is poor, not shear-
resistant, gel formation exhibits
instability, and the effect
deteriorates after multiple rounds
of profile adjustment

High cost
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added to enhance the WAG process. These agents are primarily
added to the aqueous phase, and there is less research on
adding them to the gaseous phase.*

2.1.2 CO, foam. Foam has the ability to reduce the inter-
facial tension between two phases, increase the viscosity of the
displacement fluid, stabilize the displacement front, reduce
gravity segregation, and lower the relative permeability. The
viscosity of foam is slightly higher than that of gas. This can not
only delay the breakthrough time but also allow it to remain in
some pores to perform plugging in the reservoir.® M.
A. Almobarky® studied the properties and displacement effi-
ciency of CO, foams generated by anionic surfactants such as
AOS, and found that the surfactant adsorbed at the interface,
effectively reducing the interfacial tension while stabilizing the
foam, ultimately enhancing the recovery rate by 1-8.38%.
During this process, the properties of CO, do not change;
instead, it exists in the porous medium in the form of foam,
achieving higher displacement efficiency. The stability of the
foam is essential in CO, foam flooding, and there are many
factors that affect its stability, such as the temperature,
surfactant concentration, and system pH. Moreover, alternating
injection can also impact the continuity of the foam, thereby
affecting the storage efficiency of the gas.>*3*

Foam is a non-equilibrium system, and it will gradually
collapse and disappear even without disturbance over time. The
chemicals used for foaming are typically surfactants, and
a continuous injection of surfactant solution is required to
stabilize and continuously regenerate the foam in the reser-
voir.”® CO, foam flooding has been applied in various field sites.
Field experiments have shown that CO, foam can increase the
recovery rate by at least 5%, which is significantly below the
results obtained from laboratory tests showing about a 30%
increase in recovery rate. The main reason is that surfactants
will be extensively adsorbed in the reservoir, causing losses and
preventing the continuous and stable formation of the foam.****

2.1.3 Gel. In addition to optimizing the injection method,
the injection of polymer gels to block high-permeability chan-
nels and small pores can change the formation permeability
and the flow path of the displacement fluid, driving the fluid
into low-permeability areas, which can also help with mobility
control. The physical and chemical properties of CO, are not
changed in this process. The underground crosslinked gel is the
most widely used gel system, and the most commonly used
polymer is polyacrylamide (PAM), which can undergo cross-
linking reactions with various crosslinking agents, such as Cr*",
AP’", and phenolic systems.*® After crosslinking of the poly-
acrylamide molecules and crosslinking agents in the formation,
the rheological volume of the gel increases through the hydra-
tion and electrostatic forces of the groups, enabling it to plug
high-permeability channels. The formed three-dimensional
(3D) reticulated structure endows the gel with a certain
strength, allowing it to enter deeper into the formation. The
crosslinking reaction occurs within the reservoir, and it is
impossible to accurately control the gelation time, which, along
with issues such as shear degradation, poses challenges. There
are various types of gel systems, such as pre-crosslinked gels
and foam gels. Their formation principles are essentially the
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same, with differences lying in the type of gel, its strength, and
the application techniques.’’*® Gel plugging has been exten-
sively applied in water flooding. For instance, Brattekds®
studied the leakoff and plugging effects of chromium (Cr)(u)-
acetate hydrolyzed polyacrylamide gels in carbonate reservoirs
and verified the position and existence of a stable displacement
front. Gels have also received increasing research attention in
CO, flooding. In one study, Wang*® evaluated the plugging
effect of a CO,-responsive preformed particle gel (CR-PPG) in
fractured sandstone cores. Experiments demonstrated that in
a scCO, environment, CR-PPG could expand to approximately
twice its original volume and it resisted a pressure of about 617
psi before breakthrough.

2.1.4 CO, thickening. The most direct way to reduce the
migration rate of CO, and improve the mobility ratio is to add
thickeners to CO,, such as polyfluoropropyl acrylate, poly-
dimethylsiloxane, or polyvinyl acetate. Thickeners can dissolve
in CO, through the interaction between their functional groups
and the CO, molecules, utilizing their inherently high viscosity
or forming a large molecular network structure to increase the
viscosity of the entire solution. This technology is different from
other mobility-control methods in that it fundamentally
changes the physical and chemical properties of the CO,
system. CO, thickening has many advantages in the EOR
process. First, the reservoir's temperature and pressure condi-
tions can easily reach the critical point of CO,. Second,
compounds that are soluble in CO, are usually not soluble in
water or oil, which can reduce the adsorption of polymers in the
reservoir. Ideally, the thickener can increase the viscosity of
scCO, several times or even dozens of times at an extremely low
concentration of below 5 wt%. These requirements are much
lower than those for the miscible conditions in WAG.

Based on different thickening mechanisms, CO, thickeners
can be divided into direct thickeners and indirect thickeners.
Direct thickeners dissolve in CO, to form a thermodynamically
stable solution, enhancing the viscosity and density of the
injected fluid. This process involves only a single phase change
of CO, and does not require water injection, which can prevent
issues like water shielding and well acidification. Indirect
thickeners thicken the displacement fluid by forming CO,
foams or emulsions with high apparent viscosity. Additionally,
there is research on thickening CO, with nanoparticles, which
involves achieving a stable dispersion of nanoparticles in CO,.
To achieve the desired viscosity, it is often necessary to modify
the nanoparticles or add them together with polymers that are
soluble in CO,.

Comparing various mobility-control methods, it could be
observed that CO,-WAG, CO, foam, and gel all aim to control
mobility by altering the flow pattern and path of CO, within the
reservoir. These are indirect means of mobility control, as they
do not change the physicochemical properties of the super-
critical CO,, nor do they fundamentally address the issue of the
large viscosity gap between oil and gas. It is also challenging to
achieve more precise control over the mobility of CO, with these
methods. Direct thickeners, on the other hand, can increase the
viscosity of the CO, system, altering the fluid's physical and
chemical state, and can also assist other methods in achieving

© 2025 The Author(s). Published by the Royal Society of Chemistry
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further mobility control, making it a fundamentally effective
means. Before the study of gas-soluble thickeners, water-soluble
thickeners (such as polyacrylamide) had been extensively
studied and applied in water flooding. CO, thickening tech-
nology is a challenging and breakthrough technology. The
development of high-performance CO, thickeners represents an
innovation in EOR techniques for gas flooding. Regardless of
the reservoir's permeability, the saturation of the injected fluid,
and the properties of the brine, a thickened CO, system can
always play a role in mobility control.**

2.2 Dissolution and thickening mechanism

Direct CO, thickeners mainly include polymers, small molecule
compounds, and nanoparticles.*** The principles of direct
thickeners dissolving and thickening in CO, can mainly be
divided into two types. One type is based on the interactions of
small molecule compounds with functional groups on the
exterior or ends of their molecular chains, which form
a network structure in the solution through van der Waals
forces and other electrostatic interactions that hinder the flow
of CO, molecules and increase the viscosity of the system
(Fig. 1). Most hydrocarbon thickeners and modified copolymers
belong to this type. The structure formed by non-covalent
interactions is very fragile and can be easily destroyed. The
other type involves high-molecular-weight polymers, such as
fluoropolymers and siloxane polymers, which can form a large
molecular network structure and increase the viscosity by
intertwining their macromolecular chains at low concentra-
tions. However, polymers with high molecular weights are
difficult to dissolve in CO,, often requiring a significant amount
of co-solvents to be added. Nanoparticles primarily increase the
viscosity of solutions through surface energy effects and
homogeneous dispersion.

There are three types of forces in a solution system: solute—
solute interactions, solute-solvent interactions, and solvent-
solvent interactions. The competition and balance among these
three determine the final solubility. During dissolution, solute-
solvent interactions promote the process, whereas solute-solute
and solvent-solvent forces hinder it. Therefore, in polymer-CO,
solutions, the greater the interaction force between the polymer
and CO, molecules, the higher the solubility of the polymer in
CO,. Although the solubility of the polymer is increased, the
viscosity of the solution may not necessarily be increased
because the greater the affinity between the polymer and CO,,
the more inclined they are to bind, which can reduce the
interactions between the polymer molecules. Similarly, if the

Fig. 1 Interactions between polymers and CO, molecules.
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polymer has a high cohesive energy and strong intermolecular
forces, it will preferentially interact with itself, repelling the
binding with CO, molecules, which would result in reduced
solubility. Therefore, it is necessary to ensure that there is
a strong interaction between the polymer and CO, molecules
while also maintaining a powerful interaction force between the
polymer molecules (or a certain repulsive force between the
polymer and CO,) to achieve a good high-viscosity homoge-
neous CO, solution.”®

According to the requirements of intermolecular forces,
direct thickener molecules need to simultaneously possess CO,-
philic groups that can increase solubility and CO,-phobic
groups that can enhance the interaction forces between poly-
mer molecules. Atactic polymers are more soluble in CO, than
isotactic and syndiotactic polymers.*® Incorporating more short
side chains can reduce the polymer's dissolution pressure when
it contains the same number of CO,-philic groups. This is
because the increase in free volume not only enhances the
mixing entropy but also improves the flexibility of the molecular
chains.”” Overall, macromolecular chains are more likely to
become entangled in a solution, and the thickening ability can
be enhanced with increasing the molecular volume, but it is
also relatively more difficult for them to stably exist in the
solution. Factors that affect the thickening effect mainly include
the chemical structure, molecular weight, temperature, and
pressure, as shown in Table 2.

3. CO, direct thickeners

3.1 Fluorinated polymers

CO, is a nonpolar molecule and a weak solvent for many polar
substances. However, due to the presence of the C=0 bond and
a higher quadrupole moment within CO,, there is an electro-
static attraction between CO, and polar groups, such as fluo-
rocarbons, siloxane, and carbonyl groups. Therefore,
compounds with larger polar groups can dissolve in supercrit-
ical CO,.*® Research has found that fluorine-containing groups
have the best affinity with CO, and can maintain a certain
solubility even at high molecular weights. Dardin* dissolved n-
hexane and perfluorinated n-hexane in supercritical CO,, and
compared the chemical shifts of 'H and '°F. The chemical shift
of "F exhibited characteristics related to the density of CO,,

Table 2 Factors affecting the solubility and viscosity of polymers in
CO;

Factor Solubility Viscosity
Concentration Increase and then decrease Increase
Molecular weight Decrease Increase
Chain flexibility Increase Decrease
Atactic structure Increase —

Branching degree Increase Increase
Side chain length Decrease Increase
Temperature Decrease Decrease
Pressure Increase Increase
Shear force Increase Decrease

RSC Adv, 2025, 15, 714-731 | 717
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with a significant shift greater than that of 'H. This difference
originated from the van der Waals forces between the fluorine
and CO, molecules. McHugh®** compared the solubility of
poly(vinyl difluoride-co-hexafluoropropylene) (fluorel) and pol-
y(tetrafluoroethylene-co-hexafluoropropylene) (FEP19). It was
found that fluorel could dissolve under conditions of 100 °C
and 75 MPa, while FEP19, despite the introduction of fluorine-
containing groups, lacked polar vinyl groups and tended to
precipitate due to strong self-association. It was also observed in
fluorinated polyisoprene that polar groups can enhance the
interaction between the dipole moment and the quadrupole
moment. These studies demonstrated that fluoropolymers are
more soluble in CO, than other compounds containing weakly
polar groups.>

McClain® demonstrated that high-molecular-weight poly-
fluoropropyl acrylate (PFOA) could also dissolve in CO, and
increase the viscosity of the system. PFOA is known to be the
polymer with the highest affinity for CO,. DeSimone**** re-
ported that PFOA with a molecular weight of about 1400 000
could increase the viscosity from 0.08 cp to 0.2-0.6 cp. Fluori-
nated polymers can cause environmental pollution, but poly-
mers with fewer than seven fluorocarbons do not have
bioaccumulative properties. Consequently, Lemaire® synthe-
sized PFA with short fluorocarbon chains containing 4 and 6
fluorines, which had almost the same solubility and thickening
effect as PFA with long fluorocarbon chains (CgF;,) at temper-
atures between 25-125 °C. Zaberi* tested the phase behavior
and oil displacement efficiency of PFA (Mw = 250 000) con-
taining six fluorocarbons in CO,. Although PFA could dissolve
well in CO,, it was not soluble in light hydrocarbons. This is very
disadvantageous in the mobility-control process because CO,
can extract light hydrocarbons from crude oil during the oil
displacement process, and once the light hydrocarbons dissolve
in CO,, they can cause the PFA to precipitate. Experiments
proved that even at a pressure of 62 MPa, 1 wt% PFA could not
dissolve in CO, containing 30 wt% of mixed light hydrocarbons
ranging from Cg to Cy. Using Berea sandstone and by injecting
2 PV of pure CO, and thickened CO, for comparison, the oil
displacement efficiency was found to increase by 16%. Also, the
pressure difference increased sharply by 8-9 times after inject-
ing the thickened CO,, which was inconsistent with the
viscosity test results showing a 3-4 times increase. The reason
for the difference was the blockage of the pore throats caused by
polymer precipitation.

Xu and Enick®® synthesized a copolymer PolyFAST (Mw =
540 000) comprising 71% fluoroacrylate and 29% styrene.
PolyFAST with a molecular weight of 540 000 had a solubility of
0.25-2 wt% under the conditions of 20 MPa and temperature
between 298-373 K. They also found that a thickener concen-
tration of just 1.5 wt% could increase the system's viscosity by
19 times.

Taking advantage of the high solubility of perfluoropolyether
in CO,, Enick and Beckman® synthesized a fluorinated poly-
urethane disulfonate with a molecular weight of 32 500 and that
could be mixed with CO, in any ratio under the conditions of
298 K and 20-34 MPa. Under 34.5 MPa, a thickener concen-
tration of 4 wt% could increase the system viscosity by 2.7 times.
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However, the high price of the fluorinated ether oil makes it
costly to use as a thickener.

Enick®  synthesized a random  copolymer  of
poly(tetrafluoroethylene-vinyl acetate), and it was found that
when the content of tetrafluoroethylene (TFE) reached
19 mol%, the polymer had the highest solubility in CO,. When
the TFE content in the copolymer was 47 mol%, the solubility
was lower than that of PVAc. Molecular dynamics simulation
results indicated that when CO, molecules simultaneously
interact with fluorine atoms and hydrogen bonds, the solubility
of the copolymer was no longer enhanced by the binding of CO,
to the fluorinated part. This was because the fluorinated units
act as Lewis bases and the hydrogen-bonding parts act as Lewis
acids during the binding process, leading to a change in the
properties of the copolymer.

A. G. Goicochea® utilized dissipative particle dynamics to
simulate the shear viscosity of styrene-fluoroacrylate (HFDA-
STY), poly(1-decene) (P1D), and poly(vinyl ethyl ether) (PVEE)
in CO,, and their results were within 6% of the experimental
outcomes. The findings indicated that the linear PVEE formed
a molecular association network, whereas P1D did not associate
but rather adsorbed CO, due to its six branches, thus exhibiting
higher solubility. HFDA primarily achieved the best thickening
effect through the high affinity of fluorine for CO, and the -7
stacking between styrene rings, demonstrating a two orders
higher magnitude of viscosity than the non-fluorinated solution
(Fig. 2).

Dai®** synthesized a series of copolymers of heptadeca-
fluorodecyl acrylate and styrene (HFDA-co-STY) with different
monomer ratios. As the content of phenyl groups in the copol-
ymer increased, both the solubility pressure and thickening
ability of the copolymer increased.

Sun® synthesized a copolymer of vinyl benzoate and hepta-
decafluorodecyl acrylate, P(VBe-co-HFDA). Molecular dynamics
simulations were used to characterize the solubility and thick-
ening effects of the VBe content in the system, and the results
were compared with those of the PHFDA homopolymer. The
findings indicated that when the VBe content was 33%, the
thickening effect was optimal. At a concentration of 5 wt%, the
copolymer could increase the system's viscosity by 438 times,
significantly higher than the thickening ability of the PHFDA
homopolymer.

Kilic** investigated the effect of the structure of aromatic
acrylate-fluoroacrylate copolymers on the viscosity of CO,, and

Fig. 2 m—T stacking between benzene rings.®®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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found that these copolymers could dissolve in CO, at pressures
below 15 MPa and a temperature of 295 K. The solution viscosity
increased with the increasing content of aromatic acrylate units
in the copolymer. However, beyond a certain content, the
phenyl rings shifted from intermolecular association to intra-
molecular association, leading to a decrease in viscosity. Addi-
tionally, higher pressures were found to strengthen the
intermolecular association. The experiments demonstrated that
an optimal content of 29% aromatic acrylate resulted in the best
thickening effect, achieving a dissolution pressure comparable
to that of PolyFAST.

Huang® synthesized a copolymer of fluoroacrylate, styrene,
and sulfonated styrene, which increased the solution viscosity
through the association of sulfonated styrene. The results
showed that this copolymer was less soluble than the non-
sulfonated polymer, but the thickening effect was enhanced.
The optimal content of styrene was 29%, which obtained the
same result as for PolyFAST. The addition of 1-5 wt% copolymer
increased the system's viscosity by 3-10 times at 25 °C and
34.48 MPa. Zhang®® further optimized the ratio of copolymer
monomers and found that under suitable solubility, a higher
content of sulfonated styrene monomer could further enhance
the thickening ability. The best ratio was ultimately determined
to be 60% PHDA-24% PSt-16% S.

Fluoropolymers do not significantly enhance the viscosity of
CO,, but fluorine-containing groups have good affinity with CO,
and high solubility in it. By adding a small amount of fluorine-
containing groups to polymers with strong self-association, the
originally difficult-to-dissolve molecular chains or groups can
become more stable in CO,. The solute molecules can form
a network structure in supercritical CO, without the need for co-
solvents, achieving this through strong interactions, such as
hydrogen bonding. Although fluoropolymers are costly and
have certain biological hazards, their high affinity for CO,, the
absence of a need for co-solvents, and their low usage make
them advantageous and promising for modification and copo-
lymerization (Table 3).

3.2 Siloxane polymers

Siloxanes are excellent electron-donating groups that can bond
with the electron-deficient carbon in CO,. The high flexibility of
siloxane chains also promotes the dissolution of molecules in
CO,. Siloxane polymers have long been widely applied in the
field of CO, thickeners. Bae and Irani®”*® first discovered that
polydimethylsiloxane (PDMS) with a molecular weight of 197
000 could dissolve in CO, and increase the system's viscosity to
1.2 cp, and it effectively delayed gas breakthrough in oil
displacement experiments. Du® also conducted a series of
experiments and simulation studies on a PDMS-toluene system
as a fracturing fluid, which could thicken CO, by 40 times at 42 °©
C and 20 MPa. PDMS remains one of the most effective silox-
anes CO, thickeners, but it requires a large amount of toluene
as a co-solvent.

Zhao”® studied the solubility and thickening properties of
a series of PDMSs with different end groups. Hydroxyl-end
capped PDMS, vinyl-end capped PDMS, and hydrogen-end
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capped PDMS were compared respectively, and it was found
that under the same intrinsic viscosity, the solubility pressure of
vinyl-end capped PDMS was the lowest. Further, 8 wt% of 1000
cst vinyl-end capped PDMS achieved a system viscosity of 12.57
mPa s at 313.13 K. Using kerosene as a co-solvent, 5 wt% of 3000
cst vinyl-end capped PDMS and 2 wt% of kerosene achieved
a system viscosity of 14.87 mPa s at 313 K and 39.6 MPa.

Enick® grafted various groups with good affinity for CO,,
such as carbonyl, ether, acetate, and trimethyl branched
groups, onto siloxanes. The solubility of these groups in CO, at
295 K was then tested, and it was found that the optimal
substitution degree for carbonyl groups was within 4-8%, for
ethers it was 8%, and for esters it was 20%. Increasing the
degree of substitution increased the solubility pressure, with
complete substitution resulting in insolubility in CO,. This was
because the addition of side chains increases the rigidity of the
molecular chain and the cohesive energy density, and when the
substitution degree exceeds a certain critical point, the negative
impact on solubility caused by these factors exceeds the Lewis
acid-base interaction between the carbonyl group and CO,
molecules. The solubility of trimethyl branched siloxanes was
found to be almost the same as that of the PDMS, because the
branched substitution increases the free volume of the mole-
cule and enhances the flexibility of the molecular chain,
compensating for the increase in cohesive energy density.

Li”* synthesized a siloxane copolymer for fracturing thick-
ening, which could thicken CO, at 8-12 MPa by 4.1-5.7 times at
temperatures between 35-55 °C, with 3 wt% of the copolymer
and 7 wt% of the co-solvent toluene. The interaction between
the N on the polymer side chain and the C in CO, increased the
solubility, while the O on the siloxane main chain, the C-H
bonds in toluene, and the C=0O double bonds in CO, worked
together to form a stable macromolecular network structure.
The team also synthesized siloxane thickeners AOB, BTMT, and
PDMS with epoxy groups as end groups. Comparing them with
regular PDMS, AOB's thickening effect was 8 times that of PDMS
at 310 K and 15 MPa.”” BTMT also showed better resistance to
filtration than PDMS in fracturing experiments.” The solubility
pressure of PDMS with epoxy end groups was less than 8 MPa.
The thickening effect was 3-4 times higher than that of PDMS at
the same molecular weight at temperatures between 20-50 °C.”*

O'Brien” synthesized a series of low-molecular-weight poly-
siloxanes with aromatic amide groups at the ends, and found
that siloxanes with amide-anthraquinone (AQCA) at the ends
had a certain thickening effect on CO, with the co-solvent
hexane. A CO, solution containing 13.3 wt% of the thickener
and 26.7 wt% of hexane demonstrated a viscosity 9 times that of
the CO,-hexane mixture at 25 °C and 20.7 MPa.

Liu™ synthesized two siloxane-based thickeners for frac-
turing 1,3,5,7-tetramethyl cyclotetrasiloxane (HBD). The inter-
nally branched HBD-2 molecule was found to have a larger free
volume and was more prone to self-association, thus having
a better thickening effect than HBD-1. They also synthesized
a series of HS polymers without a siloxane ring.”” At 298 K and
7.48 MPa, all three thickeners dissolved after being left to stand
for 12 h, without a cloud point. Possibly due to CO, thickening
or incomplete dissolution, the solution remained translucent in
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Table 3 Some of the fluoropolymers discussed in this paper
Polymer Structure Co-solvent Conditions Solubility Viscosity/cp Reference
Ho H
C—cC
[ /n
T
PFA 0 — 50 °C 6.7 wt% 0.6 43 and 52-55
I
CiFis
o 0.79n | 0:21n
PolyFAST O — 373 K 20 MPa 1.5 wt% 19 56
(CF2),CF3
35°C
30 MPa
o m n
HFDA-co-STY o — 5 wt% 7.06 61 and 62
F17CB
308.2 K
30 MPa
P(VBe-co-HFDA) — 5 Wt% 8.76 63
295 K
41.4 MPa
PEA-FA — 5 wt% 2.55 64
273 K
28 MPa
PHFDA-Pst-S — 1 wt% 2.01 65 and 66

F17Cs

the reactor. HS-3 performed the best among the three thick-
eners, which contained more hydroxyl groups and longer side
chains. It led to thickening by 151-163 times with the addition
of 5 wt% polymer.

Gallo™ utilized the CPCM solvation model and viscosity
measurements to compare four different types of siloxane
compounds and found that the solubility of polysiloxanes was
about 20% higher than that of linear PDMS with similar
molecular weights. The polar groups within silsesquioxane

720 | RSC Adv, 2025, 15, 714-731

molecules could promote solvation, while polar groups on the
outer layer and ends of the molecules could lead to strong
intermolecular interactions. A mixture of 6.9 wt% silsesquiox-
anes and nanoparticles with CO, reached a viscosity of 0.25 cp
at 180 bar and 55 °C, showing it was more effective than linear
PDMS and it also exhibited greater viscosity stability with
temperature changes.

Siloxane polymers have a highly flexible backbone and
strong affinity for CO,, making them potentially effective CO,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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thickeners. However, siloxane compounds are expensive, and
most research has focused on low-molecular-weight siloxanes
that do not inherently possess thickening capabilities.

Table 4 Some of the siloxane polymers discussed in this paper

View Article Online
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Typically, more than 10 wt% co-solvents are required to assist in
thickening. In addition to searching for effective molecular
structures, it is necessary to further investigate the thickening

Polymer Structure Co-solvent  Conditions Solubility Viscosity/cp Reference
54.4 °C
PDMS ‘f i‘ Toluene 17.2 MPa 4 wto% 1.2 67-69
o 295 K
Grafted methylhydrosil /H/er omAo Mpa
t —
d'ra eh {nelz ylhy r051loxane . 15 wt%  — ss
imethylsiloxane copolymers coye2s
x=1,2,5,11,25
R
OH OH Me Me 55 °C
[l o —o-d—o0— 12 MPa
A A
Silicone ternary copolymer *Me Y Me ZMe Toluene 3 wt% 0.15 71
NH,
[ T 310 K
+S|\727$\70Hm$\707$‘\t 15 MPa
AOB / ° Cyclohexane 3 wt% 1.8 72
o
303 K
Epoxy-terminated PDMS W\/‘Y‘ e jfs"" 3"° H#(\/W Toluene 14MPa 3wt 0.9 74
DN R S N 25°C
b e he o 20.7 MPa
AQCA-PDMS 'Q Q. Hexane 13.3 wt% 0.86 75
| 32.15 °C
HBD-1 1 XNHKA/YL} — OMPa 5y, 35 76
4
| 32.15 °C
1™ : 10 MPa
HBD-2 ”J@Q\% — 5wt%  4.48 76
16 MPa
HS-1 \h/k /\/W)\f& . SHL — ’ 5 wWt% 1.02 77
{’ ‘ ' 305 K
16 MP
HS-2 HO/\/O\/\O/\/OWH\ —s‘\—o S‘l—ﬂ»slw}H — 335 K & 5 wt% 2.78 77
O R AR
i | HLslifofslifo sL}»H
° ¢ | ! m z 16 MPa
HS-3 . sk O W 3.26 77
R R
Si—O—Si
~ =
R\Siﬁo—elJSi/ ° (l)
. . | 1R 180 bar, 55
Silsesquioxane 0 R~sp—o—si_ — oC 6.9 wt%  0.25 78
|_/O/ |/O/ R
R/SI—O—SI\
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capabilities of high-molecular-weight siloxane polymers and the
mechanisms of co-solvent-assisted thickening. Optimizing the
system and selecting the appropriate molecular weight mate-
rials are key research focuses for siloxane thickeners (Table 4).

3.3 Hydrocarbon polymers

Due to the lack of highly polar groups in hydrocarbon polymers,
their interactions with CO, molecules are mostly through Lewis
acid-base interactions and hydrogen bonding.” Within the CO,
molecule, the oxygen atoms have a higher electron density than
the carbon atom, resulting in a significant charge separation,
with the carbon atom bearing a positive charge, acting as
a Lewis acid, and the oxygen atoms bearing a negative charge,
acting as Lewis bases” (Fig. 3). The solubility of polymers in CO,
can be enhanced by adding electron-donating groups, such as
carbonyl, ether, sulfone, and ester, to the hydrocarbon polymers
(Fig. 4), which strengthens the Lewis acid-base and hydrogen-
bonding interactions with CO,.** The acetate group is an
excellent electron-donating group, with poly(vinyl acetate)
(PVAc) being one of the hydrocarbon polymers with the best
solubility in CO,, but its solubility is significantly lower than
that of PDMS and PFOA.*>

Khanh® simulated the interaction between a series of
hydrocarbons containing hydroxyl, carbonyl, sulfone, carboxyl,
and amide groups with CO, molecules. The results showed that
the stability of the complexes formed by carbonyl and sulfone
groups with CO, was stronger than that of other groups, and the
benzene ring also had a certain promoting effect on the stability
of the system. It was proven that the stability of the complex was
mainly determined by the Lewis acid-base interactions and
hydrogen bonding. Apart from the interaction between the
carboxyl group and CO,, which was mainly derived from
hydrogen bonding, the interaction between other groups and
CO, mainly determined by the Lewis acid-base
interactions.

was

carbon carbon

electro- less more
negative _ acidic  acidic
atom hydrogen hydrogen

Fig.3 Effect of a highly electronegative atom on charge distribution in
a molecule.®®

e3® P .

e ¥ ) 4 ', ¥
,1.1 o 30 ’3;‘4 f".ff,%’ ?
e 9 aa y
’%, 9 0

Fig. 4 Hydrogen bonding and Lewis acid—base interactions between
CO, and polymers.©°
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Polypropylene oxide (PPO) with a molecular weight less than
2000 is more soluble in CO, than poly(vinyl acetate) (PVAc), but
its solubility significantly decreases at higher molecular
weights. Therefore, Enick® attempted to modify PPO by grafting
with methyl ether, but this did not increase the solubility. They
also investigated the effects of hydroxyl and acetate end groups
on PPO and found that only the acetate-terminated PPO showed
a decrease in dissolution pressure, by 3.4-6.9 MPa at 295 K. The
hydrogen bonds formed by hydroxyl groups increased the
intermolecular interactions, reducing the solubility. Then they
discovered that low concentrations of poly(ethylene vinyl ether)
(PEVE) had nearly the same dissolution pressure as PVAc.
Subsequently, Lee** demonstrated that low-molecular-weight
PEVE could dissolve in CO, but did not exhibit a significant
thickening ability.

Xue* simulated a random copolymer of poly(vinyl acetate-
vinyl ether) PVAEE. Under conditions of 308 K and a CO, density
of 0.854 g cm >, the simulated viscosity of scCO, was reported
to be 0.1268 cp. When the PVAEE content was 1.19 wt% and
2.35 wt%, the viscosity of the system reached 0.2037 cp and
0.4135 cp, respectively showing increases of 2-3 times. They
compared the binding energy and dissociation energy of ester
groups and ether bonds and found that ester groups could bind
more easily to CO, molecules than ether bonds.

Hu® synthesized P(VAc-co-VEE) using vinyl acetate (VAc) and
vinyl ethyl ether (VEE) groups and found that the random
copolymer containing 30% VEE had the highest affinity for CO,.
The VEE monomer could also reduce the interactions between
polymers.

Wang®*® designed a series of polymers, comprising OAO,
PVMME, and PVMEE. OAO could dissolve up to 5 wt% at 298 K
and 25 MPa, and PVMME could dissolve up to 3 wt% at
120 MPa. Under the same conditions, the solubility of PVMME
in CO, was lower than that of PVAc but better than that of PLA
and PMA, because the ether oxygen in the main chain of
PVMME had a higher affinity for CO, than the carbonyl group in
PMA.

Heller®® tested several commercially available hydrocarbon
polymers soluble in hexane/ethanol, predicting their solubility
behavior in CO, by measuring their solubility in butane. It was
ultimately found that poly-alpha-olefins (P1D) and atactic pol-
ybutene had the highest solubility, but subsequent research
proved that only P-1-D had a very low solubility in CO,.

Tapriyal® synthesized a non-fluorinated analog of PolyFAST,
PolyBOVA, using vinyl acetate and a monomer with a rigid
benzene ring side group. PolyBOVA with 5% benzoyl groups
could dissolve up to 3 wt% at 298 K with a pressure of 64 MPa
required, while it was insoluble in CO, with 10% benzoyl
groups. The viscosity of solutions with 1 wt% and 2 wt% Poly-
BOVA increased by only 40% and 80%, respectively.

Zhang® synthesized a polyether-type carbon-hydrogen
thickener, poly(ethylene oxide-co-propylene oxide) (PPOGPEAc),
and compared it with the non-substituted polymer PPOAc.
Under 36.3% PPOGPEAc, the viscosity of the system reached
0.35 mPa s, which was 2.3 times the thickening effect of PPOAc.
The copolymer showed the best thickening effect when the
phenyl content was 36.3 mol%. It was also found that adding

© 2025 The Author(s). Published by the Royal Society of Chemistry
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more phenyl groups would increase the intramolecular inter-
actions, affecting the intermolecular associations and reducing
the system's solubility.

Raveendran and Wallen® tested a series of acetylated
carbohydrate substances for their solubility in CO,. The large
number of hydrogen bonds and Lewis acid-base interactions
formed by the carbonyl groups within the sugar molecules
made them highly soluble in CO,. Potluri** found that the
higher the content of sugar molecules, the greater the solubility
pressure. Cyclodextrin had a cloud point pressure of 25-45 MPa
at concentrations of 5-30 wt% at 313 K.

Tapriyal®® synthesized a polymer, PAcGICVE, with a poly-
ethylene main chain and side chains containing acetylated
sugar groups, and compared it with several amorphous poly-
lactic acids (PLAs) with different end groups.” PLA with end
groups containing two ether bonds showed better results than
PLA with end groups containing two ether bonds and branched
side chains, indicating that linear ether oxygen bonds are more
conducive to solubility. The solubility pressure of PAcGICVE
with a molecular weight of 40 000 was 65-75 MPa, much lower
than that of PLA, but 10-20 MPa higher than that of PVAc.

Due to environmental concerns over fluoropolymers and the
high cost of siloxane polymers, which often require large
amounts of co-solvents for viscosity enhancement, the devel-
opment of hydrocarbon polymer thickeners for CO, is a current
research focus. However, hydrocarbon groups do not have
a high affinity for CO,, and can only form a stable network
structure within the solution through modification of the
molecular structure to create Lewis acid-base interactions with
CO,, resulting in a solution that is less viscous compared to
fluorinated and siloxane polymers (Table 5).

3.4 Small molecular compounds

Small molecule compounds have greater solubility and can
form rod-like, worm-like, or helical micelles in CO, through
associative interactions, making them potential alternatives to
high-molecular-weight polymer thickeners. Similarly, these
compounds also need to have a CO,-philic group, which
enhances the solubility and a CO,-phobic group, which
promotes intermolecular association.

Amine-based compounds are considered to have a certain
solubility in CO, due to their weak self-association and low glass
transition temperatures, as well as having a cohesive energy
density similar to that of siloxanes. Enick® tested poly-
vinylethyleneamine (PPEI) and a series of carbonyl-modified
compounds, including PPMAEI, PEO, and PDMAA. These
compounds showed good miscibility with CO, in molecular
dynamics simulations. However, the experimental results indi-
cated that PPEI, PPMAEI, and PEO were insoluble in CO, under
a high pressure of 45 MPa. Here, the interaction forces between
the C atoms and N atoms could not overcome the self-
association of amine groups, despite the addition of carbonyl
groups. Nevertheless, 0.7 wt% PDMAA swelled in CO, at 45 MPa,
indicating that the N atom, acting as an electron-donating
group, enhanced the Lewis acid-base interaction between the
carbonyl group and CO,.
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J. P. Heller®* found that compounds centered on Sn atoms
with three butyl arms and fluorine atoms could increase the
viscosity of light hydrocarbons by three orders of magnitude at
a low concentration of 1 wt%. Here, the butyl arms could extend
into the alkanes to enhance the solubility, while the positively
charged Sn atoms could take part in linear associative interac-
tions with the negatively charged F atoms in neighboring
molecules. The butyl arms could promote the stability of this
associative structure, but these compounds were not soluble in
CO,. Therefore, Shi*® synthesized a series of fluorostannanes
with three fluoroalkyl arms, among which only the semi-
fluorinated hexylfluorostannane increased the viscosity, by 2-
3 times. The reason for the relatively low viscosity enhancement
is that the fluorine atoms on the semi-fluorinated arms
competed with the fluorine atoms bonded to the Sn atoms,
disrupting the linear associative structure.

Research has shown that hydroxyl aluminum disoaps can
thicken light hydrocarbons, with the ester chains at the
molecular ends helping to form cylindrical micelles that can
connect with each other, while the straight-chain ends do not
have thickening ability. Enick®* attempted to synthesize a series
of hydroxyl aluminum disoaps, modifying the end chains to
fluorinated chains or branched alkyl chains, but none were
soluble in CO,.

12-Hydroxystearic acid (HSA) is considered to be a potential
CO, thickener due to its ability to gel light hydrocarbons,*
However, it is only soluble in CO, when ethanol is added as a co-
solvent. A solution with 3 wt% HSA and 15 wt% ethanol could
increase the viscosity of CO, by 100 times at 28 °C and 12.4 MPa.
HSA undergoes a gelation reaction when heated and dissolved
in CO, and then cooled. Hydrogen bonding causes the molec-
ular chains to stack together, forming a fibrous network gel with
a high porosity after the solution cools. However, this type of gel
can adhere to the rock surface in porous media, making HSA
unsuitable for the EOR process.

Zhou®® synthesized a fluorine-containing urea-based tetra-
arm oligomer, BPFAUH. After reaching a concentration of 2%,
the viscosity of the system increased only slightly, because the
formation and rupture of hydrogen bonds reached equilibrium
during the formation of the network structure.

Tapriyal® synthesized a series of self-assembling
compounds containing urea and acetate groups derived from
acetylated sugars. The carbonyl oxygen in the urea group could
form hydrogen bonds with hydrogen atoms, linking molecules
to form a two-dimensional sheet-like structure. A bis-arm
compound containing one bis-urea and two acetylated sugars
displayed much lower solubility compared to a dendritic
compound containing one bis-urea and four acetylated sugars
under the same conditions.

Doherty®” synthesized three categories of small molecule
compounds with amide or urea groups and a siloxane main
chain: amide compounds, amides with benzene rings, and
ureas with benzene rings. Their experiments showed that
compounds containing urea groups were superior to amides
and esters in thickening. Highly branched molecules dissolved
more easily than linear ones. However, the thickening effect was
achieved by adding a large amount of co-solvents. Molecules
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Table 5 Some of the hydrocarbon polymers discussed in this paper
Polymer Structure Co-solvent Conditions Solubility Viscosity/cp Reference
n
PVAc O\KO — 308 K, 30.31 MPa 0.05 wt% — 82
0.
PPO Hzco’f\( Jrcw — 295 K, 35 MPa 3.5 wt% — 58
PVAEE mﬁ — 308 K, 18.5 MPa 2.35 wt% 0.4135 45
CHs; CHs;
S
P(VAc-co-VEE) YOTS{'%%[\;—HSJ\J\ 35 °C, 24 MPa 0.2 wt% — 85
S 0
o
0AO OJ\ — 298 K, 25 MPa 5 Wt% — 80
HO\)\/O\H
g
PVMME :O °> o — 298 K, 120 MPa 3 wt% — 80
/O
[
/Eo>:o
PolyBOVA °§ — 298 K, 64 MPa 2 wt% 0.27 60
.C. D%(\ oh(cm
T
o CH, H? o}
PPOGPEAc © — 30 °C, 35 MPa 36.3% 0.35 87
h el
R
R\;F;o/y?%:&;
OR :O R
Peracetylated sugar derivatives ﬁiﬁ oo Ao — 313 K, 45 MPa 30 wt% — 88 and 89
R OH RO
o%t% PR
0
%
PAcGICVE o 0 — 298 K, 52 MPa 5 wt% — 90
\OAC
Ac A
o
H\E R
PLA © n — 298 K, 50 MPa 5 wt% — 91
N
o
H\E )kﬁ,R
(&)
PLA n — 298 K, 60 MPa 3 wt% — 91
O.
R= " o
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Table 5 (Contd.)
Polymer Structure Co-solvent Conditions Solubility Viscosity/cp Reference
o
H R
(¢)
PLA n — 298 K, 120 MPa 5 wt% — 91
o)
_ ~ \(
R,=

centered around benzene triurea had very little self-interaction
and could not form sheet-like networks or long linear
structures.

Small molecular thickeners have shown great potential for
viscosity enhancement. Some research has aimed to enhance
the solubility and viscosity of CO, by incorporating nitrogen-
containing groups (such as amine and urea groups) that can
form weak interactions between N-N atoms and strong inter-
actions between N-C atoms. Extensive experiments have proven
that nitrogen-containing groups strengthen the interaction
between other CO,-philic groups within the thickener and CO,
molecules, which helps to some extent in the dissolution of
polymers in CO,. The weak interactions between N atoms also
contribute to the increase in system viscosity. However, these
groups only have a certain effect when added to other molecules
with good solubility and they are not effective enough to be the
main functional groups. Nevertheless, the advantage of forming
a significant increase in system viscosity by combining with
highly CO,-philic groups still give them a certain application
potential (Table 6).

3.5 Nanoparticles

Nanomaterials have been applied in various industries for
various purposes, such as electrocatalytic CO, reduction, cata-
lytic conversion of CO,, and the adsorption of CO, by func-
tionalized composite materials.”***® Nanoparticles have a high
specific surface area, which provides an excellent driving force
for diffusion.'” They can travel long distances through the pore
channels within the reservoir, interact with the injected fluids,
and thus affect the fluid flow characteristics deep within the
reservoir.’” Researchers have investigated the relationship
between nanomaterials and CO, across several domains,
including the capture of CO, through carbon nanotubes and the
utilization of nanosilica for enhancing CO, storage within
geological formations.'*'** Introducing nanoparticles in the
CO, EOR process can not only alter certain properties, such as
the viscosity, density, thermal conductivity, and interfacial
tension, of the displacement fluid but also change the reservoir
properties, such as the wettability of rock surfaces. The mech-
anisms of nanomaterials can be divided into two categories in
the process of mobility control: first, by stabilizing CO, foams
that are prone to degradation due to rock adsorption and high
reservoir temperatures by adsorbing at the two-phase interface;

© 2025 The Author(s). Published by the Royal Society of Chemistry

and second, by forming a stable suspension of metal or polymer
nanoparticles in CO, to thicken the fluid.*® The addition of
nanoparticles has been proven to be an effective means of
mobility control, with studies demonstrating that alternating
the injection of thickened CO, nanofluids and CO, can achieve
higher sweep efficiency.'****

However, the spatial repulsive forces between nanoparticles
cannot offset the attractive van der Waals forces, making them
prone to flocculation and difficult to stably disperse in CO,.
Therefore, it is often necessary to modify the nanoparticles with
CO,-philic groups to enhance their stability in solution. There
are various types of nanoparticles, including polymer nano-
particles, metal nanoparticles, carbon-based nanoparticles,
silicon-based nanoparticles, and Janus nanoparticles, among
which SiO, nanoparticles have been proven to have good
thickening effects on displacement fluids.**® Dickson'*® modi-
fied SiO, particles with fluoroalkyl ethoxy silane, resulting in
a polymer shell that formed a core-shell structure around the
particles. This modification allowed SiO, particles, which were
previously insoluble in CO,, to remain stable for up to 30 min at
25 °C and 34 MPa. Visintin*® grafted fluoroalkyl chains onto
silica and alumina particles, enabling them to be stably
dispersed in CO,. Bell"'* used isostearic acid as a ligand to
promote the dispersion of silver nanoparticles in CO,, forming
a stable solution at 295 K and 13.8 MPa.

Yates'"” investigated the effect of the co-solvent hexane on
the dispersion of nanoparticles. Similar to the mechanism of
polymers dissolving in CO,, nanoparticles could only be stably
dispersed when the density of CO, reached a critical level. The
experiment proved that the system could stably exist after
adding SiO, nanoparticles grafted with PDMS and 15 wt%
hexane to CO,. The addition of hexane enhanced the interaction
between the PDMS side chains and CO,, increasing the number
of chains extending into the solvent and weakening the inter-
chain interactions.

Xu'® prepared a type of fluoropolymer-modified nano-
particles for tracing and evaluating CO, sequestration. These
particles did not adsorb on the formation surface and aggre-
gate. The polymer, which contained fluorocarbon, carbonyl
oxygen, and benzene rings, was grafted onto Fe;O, and SiO,
nanoparticles with a diameter of less than 50 nm, increasing
their affinity with CO,. The polymer grafting density on the
surface of Fe;0, nanoparticles was higher. It dissolved at 34.5 °
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Table 6 Some of the small molecular compounds discussed in this paper

Polymer Structure Co-solvent Conditions Solubility Viscosity/cp Reference
PDMAA 0 — 298 K, 45 MPa 0.7 wt% — 58
F‘C\crz
F2‘I:\crz
Tri (semi-fluorinated hexyl tin fluoride) js'ﬁi — 297 K, 16.5 MPa 4 wt% 0.27 93
F.C CF,
F (l)F;
/CF, F.
FiC CF;
o Cl)H [¢]
Hydroxy aluminum disoap >‘)K/‘\)A\K — — Insoluble — 94
HyC.
OH
12-HAS Ethanol 28 °C, 12.4 MPa 3 wt% 7.6 95
OH
[}
o
I .
BPFAUH r}NT — 313.13K, 19 MPa 3wt%  19.2 96
1 s
OAc OAc OAc
Bis-urea polymer . — 298 K, 65 MPa 5 wt% — 60
lé)Ac OAc
Bis-urea polymer g(;; — 298 K, 65 MPa 1 wt% — 60
Benzene trisurea polymer Toluene  25°C, 5000 psi  1.5wt% 3 97
H
trans-1,2 Cyclohexanedicarboxamides 0)\‘ Toluene 25 °C, 1500 psi 1.6 wt% 30 97

C and 16.1 MPa, while SiO, nanoparticles dissolved at 51 °C and
28.3 MPa.

Zhang'* synthesized a copolymer of fluorinated and
sulfonated styrene for fracture thickening. Their experiments
proved that 1 wt% of the copolymer could increase the viscosity
by 100 times at 333 K and 28 MPa. On this basis, a type of

polyester fiber nanoparticle was introduced, and the results

726 | RSC Adv, 2025, 15, 714-731

showed that this type of nanoparticle had good dispersion in
the fluid. At 263 K, 28 MPa, and 5000 s, the addition of
0.5 wt% of the nanoparticles could reduce the internal friction
by 17%. The system is suitable for the fracturing process, but its
ability to pass through core pores is still under investigation.
Khaledialidusti**® used molecular dynamics simulation to

investigate the rheological properties of a scCO,-CuO

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanoparticle system. They reported that 1 wt% of CuO nano-
particles increased the viscosity of the system by 1.3-2.5 times
within the temperature range of 350-410 K at 20 MPa. Su*®
conducted a stability analysis of a hydroxylated carbon nano-
tube (MWCNTSs)-scCO, system. Their results indicated that as
the volume concentration and temperature decreased, the
stability of the nanofluid continuously improved. The system
essentially reached a stable state after 4 min of circulating flow,
while the sedimentation density continuously decreased with
increasing the volume concentration and circulation flow time.

Wang""” added five types of nanoparticles, namely Cu-BTC,
Si0,, MCC, MWCNTSs, and TiO,, to the thickener HBD-2 and
studied their synergistic effect on the fracturing system. It was
found that only the addition of SiO, could significantly increase
the apparent viscosity. A system containing 1 wt% SiO, nano-
particles and 5 wt% HBD-2 thickener was approximately 1.2-1.7
times more viscous than a system containing pure thickener
under the conditions of 305-325 K and 10 MPa. The RDF results
proved that the surface energy effect of SiO, could effectively
promote the crosslinking between the polymer molecular
chains.

Gandomkar'*® synthesized a graphene oxide (GO)/P-1-D
nanocomposite polymer, and the results showed that as the
content of GO nanoparticles increased, the polymer's dissolu-
tion pressure continuously decreased, with the highest disso-
lution pressure at 100 °C being 24.1 MPa. Compared with pure
P-1-D, GO/P-1-D could increase the system's viscosity by more
than 5 times, but this thickening system was only tested in light
hydrocarbon gases, not CO,.

118

4. Application of CO, direct
thickeners

CO,-thickening systems are widely used in fracture and EOR
processes. Due to the strong heterogeneity, low porosity, and
low permeability of unconventional oil and gas reservoirs, it is
necessary to rely on reservoir fracturing techniques to further
exploit them. Traditional water-based fracturing has certain
issues, such as high water consumption and environmental
pollution.”® ScCO, has been used as a fracturing fluid since the
1960s. Compared to water-based fracturing, supercritical CO,
fracturing has the advantages of a higher fracture strength and
lower fracture pressure, and it does not clog pores, making it
more suitable for the development of unconventional shale oil
reservoirs."”® However, CO, has a low viscosity and poor sand-
carrying capacity, which hinders its field application. Adding
thickeners to the system to increase the viscosity of CO, can
greatly enhance the effectiveness of CO, fracturing.

Because of the different application scenarios, the require-
ments for thickeners in CO, EOR and CO, fracturing are
different. In fracturing experiments, the adsorption amount of
thickeners in the formation, shear resistance, and thickening
multiple are key to evaluation, as sand-carrying has higher
viscosity requirements. Siloxane polymers are commonly used
as thickeners in fracturing, while adding silicate or metal
nanoparticles can further assist in thickening. To achieve the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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desired fracturing effect, a significant amount of thickener is
required. Similarly, the CO, EOR process requires great atten-
tion to the cost and environmental friendliness of thickeners.
EOR requires the thickening system to continuously pass
through small pores and maintain displacement pressure,
while also considering the temperature and pressure resistance
of the thickener and its adsorption properties in the formation.
Small molecule thickeners and environmentally friendly
hydrocarbon polymers have more application potential in the
EOR process.

In practical applications, CO, direct thickeners face
numerous challenges. First, the common polymers available on
the market are difficult to dissolve in CO,, and the synthesis
process of the thickeners is often complex. The need to add
a significant amount of co-solvents leads to higher industrial
costs. Second, thickeners tend to adsorb significantly within the
formation, especially after coming into contact with oil and
water. When the formation conditions are not sufficient to
maintain the CO, thickening system as a stable single phase or
at the critical point of a mixed phase, the solute can easily
precipitate during flow. Moreover, CO, can mix with crude oil,
and further reactions can occur between the polymer and
substances in the crude oil. Although these reactions are mostly
detrimental to the dissolution of the polymers in CO,, they can
also have certain positive effects. For example, adding PVAc and
limonene to scCO, can prevent the flocculation of non-
hydrogen-bonding asphaltenes.” Considering the current
research, while ensuring that functional groups have a high
affinity for CO,, the issue of adsorption also needs to be
considered. Merely modifying the polymer at the molecular
level makes it difficult to further improve the solubility of the
polymer. Therefore, optimizing the system is the key to research
on CO, direct thickeners. The polymer modification approach
should not be limited to its interactions with CO,; it is also
necessary to consider changes in phase behavior after adding
other auxiliary thickeners, such as nanoparticles. It is chal-
lenging for nanoparticles to achieve a stable dispersed state in
CO,; however, if they are added to the CO,-polymer system and
the affinity between the polymer and nanoparticles is increased,
this can facilitate the uniform dispersion of nanoparticles while
also enhancing the viscosity of the CO, solution. In porous
media, nanoparticles preferentially adsorb onto the formation
surface, and polymer thickeners can still play a role in
increasing viscosity. Based on these challenges, there are
currently no field experiment reports on CO, direct thickeners,
and more convincing laboratory experiments are needed to
substantiate their effectiveness.

5. Conclusion and outlook

Supercritical CO, direct thickeners have significant importance
for CO, fracturing and CO, EOR. The development of thickeners
is still mainly at the laboratory research stage, which includes
ongoing work on their synthesis, structural characterization,
solubility and thickening tests, and exploration of their working
mechanisms. Due to high costs and other reasons, there are
currently no reports on field applications. Therefore, developing
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a low-cost, green thickener from a molecular perspective
remains the primary research goal in the field of direct CO,
thickeners.

In the system, hydrocarbon polymers lack highly polar
groups and have poor affinity with CO,, resulting in much lower
solubility compared to fluoropolymers and siloxane polymers.
The dissolution and thickening effects need to be optimized by
modifying the hydrocarbon thickeners. Fluoropolymers are
limited by pollution issues and are difficult to widely apply, but
fluorine-containing groups have good affinity with CO, and
high solubility in it. Adding a small amount of fluorine-
containing groups to polymers with strong self-association
can make the originally difficult-to-dissolve molecular chains
or groups more stable in CO,. High-molecular-weight siloxane
polymers have poor solubility in CO,, while-low-molecular
weight siloxanes lack a thickening ability. However, the addi-
tion of siloxane chain segments can promote the dissolution of
compounds in CO, and so siloxanes are important materials for
modifying hydrocarbon thickeners. For small molecule
compounds that are more easily soluble, adjusting the inter-
molecular interaction forces and forming a stable network
structure through intermolecular crosslinking is a key research
focus. As research progresses, the addition of nanoparticles has
brought new possibilities to the study of thickening agent
systems. Nanoparticles can be modified themselves to have
similar effects as surfactants, and can also change the proper-
ties of the displacing fluid through high surface energy and
other microscopic effects. The addition of nanoparticles in
CO,-polymer solutions can not only enhance the thickening
effect but also reduce the adsorption of polymers onto forma-
tions, making it an important research direction worthy of
attention. Further studies are needed to understand the
mechanisms and factors influencing the uniform dispersion of
nanoparticles in the solution, how to strengthen the interaction
between the nanoparticles and polymers through modification,
and whether the synergistic effect of nanoparticles and poly-
mers can reduce adsorption in porous media.

In characterization methods, most of the characterization
techniques for CO, thickeners are still focused on compound
synthesis, phase behavior, solubility pressure, viscosity char-
acterization, and molecular dynamics simulation. The explo-
ration of dissolution mechanisms and solvation patterns is not
yet in-depth. It is necessary to start from microscopic factors,
such as density, molecular weight, and polymer groups, and
combine experiments and simulations to gradually explore the
critical points and patterns of the morphological changes in
CO,. Characterization often requires high-temperature and
high-pressure environments, and the experimental conditions
are harsh. There is a need to develop a set of faster, simpler, and
standardized characterization methods. The morphological
changes of the molecular chains in CO, can refer to the theo-
retical studies of polymer chains in dilute solutions, using
liquid solvents with solubility parameters close to that of CO, to
replace the CO, gas, in order to determine the critical associa-
tion concentration of the molecular chains. Semi-empirical
regression equations can then be fitted based on experimental
data.
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In application, further research is needed on the mechanism
of action of CO, thickening systems. CO,, polymers, and oil-
water phases react upon contact in formations, affecting the
stability of a single system. Fluoropolymers can precipitate due
to repulsive interactions with light hydrocarbons dissolved in
CO,, and siloxane polymers can also interact with hydroxyl
groups in water molecules. Current displacement experiments
have shown that CO, thickening systems can increase fluid
viscosity, thereby increasing displacement pressure and
enhancing the oil-recovery rates. However, after phase mixing
internally, the main reason for the increased displacement
pressure is likely not the increase in fluid viscosity but the
precipitation of polymers causing plugging in the pores.
Therefore, visualized microscopic displacement experiments
are needed to demonstrate the mechanisms of action in the
system.
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